G
lucagon-like peptide-1 receptor (GLP-1R) agonists are a new class of therapeutics for type 2 diabetes mellitus. Currently, two different agonists, liraglutide and exenatide, are on the market, and more are in clinical development (e.g. lixisenatide, albiglutide, and dulaglutide). In addition to glucose control, GLP-1R agonists offer potential additional therapeutic benefits including weight loss and reduced systolic blood pressure (reviewed in Ref. 1) . The general pharmacology and clinical profile is similar among the different agonists (2, 3) . Also, thyroid C-cell tumors have been described after 2-yr studies in rodents with both liraglutide (once daily) and exenatide (twice daily and once weekly) (4 -6) . With both GLP-1R agonists, plasma calcitonin increases and C-cell proliferative changes have been seen in mice after 13 wk of dosing, and lifelong treatment in rats was associated with C-cell cancer. In contrast, calcitonin increases or cellular proliferation was not seen in nonhuman primates (7) , and no consistent difference between treatment groups were seen in the clinical program for liraglutide (8) . This correlates with the observation that GLP-1R expression is low or absent in normal human thyroids (9) . Thus, GLP-1R is consistently expressed in nonneoplastic and neoplastic C cells in rodents, whereas it is detected in only 27% of human C-cell neoplasms (9) , suggesting species differences. Nevertheless, the findings have caused concern about the potential human thyroid safety of the GLP-1R agonist class and led to implementation of precautionary measures around drug prescription (10) . The present study further elucidates the rodent thyroid findings using mice as a model due to the previously described early onset of GLP-1R agonistinduced C-cell effects in this species (7) .
In humans, C-cell cancer, or medullary thyroid cancer (MTC), is rare (11) . Germline mutations in the rearranged-during-transfection (RET) protooncogene are associated with high penetrance of MTC in carriers, whereas approximately 50% of sporadic MTC have somatic mutations of RET (12) . Upon RET activation, autophosphorylation takes place at key tyrosine sites in the protein. Phosphorylation, in particular at residue Y1062, is required for coupling to key downstream effectors of RET and for transformation (13, 14) .
The actions of GLP-1 are mediated by a G protein-coupled receptor (GPCR) (15) . In pancreatic ␤-cells, GLP-1 activates the mammalian target of rapamycin (mTOR) pathway by stimulating production of cAMP. Mobilization of intracellular Ca 2ϩ stores by cAMP enhances mitochondrial activation to modulate K-ATP channels, which in the presence of other stimuli, such as glucose and amino acids, contributes to the activation of mTOR (16) . Activation of mTOR in turn results in downstream phosphorylation of ribosomal S6 [phosphorylated (p)S6].
In the present study we assessed the GLP-1R dependency of the C-cell effects seen with liraglutide and exenatide through a study using GLP-1R knockout (KO) mice. We also investigated the association of hyperplasia and GLP-1R localization as well as the potential involvement of RET and of selected intracellular signaling pathways.
Materials and Methods

Animals
We used CD-1 mice (Crl:CD1; Charles River Ltd., Edinburgh, UK) aged 5-6 wk (n ϭ 432) and GLP-1R KO mice (n ϭ 288) lacking a functional GLP-1R, aged 4 -5 wk [GLP-1R KO (CD-1 STOCK-FOXn1NU GLP1RTM1Ddr); Taconic Europe A/S, Lille Skensved, Denmark]. The animals were divided into 10 groups as outlined in the study design (Table 1) . Animal experiments were conducted in accordance with national regulations and licenses granted by the United Kingdom Home Office. Animals were housed and handled according to current regulations, environmental enrichment was used throughout the study, and local animal ethics committee approval was obtained before study start.
Test articles
We purchased exenatide as freeze-dried powder (Exendin-4, catalog item H-8730; Bachem Distribution Services GmbH, Weil am Rhein, Germany). We produced liraglutide at Novo Nordisk A/S (Bagsvaerd, Denmark). We prepared solutions for injection in phosphate-buffered vehicles to achieve the desired concentration of active substance as verified by sampling and analysis using appropriate chromatographic methods (data not shown).
Dosing
All animals were dosed for 13 wk as described in Table 1 . Dosing with liraglutide and liraglutide vehicle was done by daily sc injection rotating between dorsal injection sites. For dosing exenatide, which is very rapidly eliminated in mice, we implanted osmotic minipumps (Alzet 2006 model; ALZA Corp., Cupertino, CA) surgically on the back during general anesthesia. We replaced minipumps after approximately 7 wk to ensure continued drug exposure.
Bioanalysis
Before necropsy, after 13 wk, we drew blood from the ocular orbita and performed bioanalysis of EDTA plasma drug concentrations to confirm drug exposure (data not shown) by an ELISA [liraglutide, lower limit of quantification (LLOQ) ϭ 40 pM] or liquid chromatography-mass spectrometry method (exenatide, LLOQ ϭ 0.25 nM) and to determine plasma calcitonin concentrations. Calcitonin was measured by the use of a mouse calcitonin-specific immunosorbent radiometric assay (Immutopics International Inc., San Clemente, CA; catalog item 50-5000). Before spiking of calibrators and quality controls, neat mouse K2 EDTA plasma was incubated at 37 C for 96 h for removal of endogenous levels of calcitonin. Samples were assayed in accordance with manufacturer's instructions using 
Necropsy
Animals were euthanized by carbon dioxide asphyxiation followed by exsanguination. Animals dosed with liraglutide were euthanized 2-3 h after the last dose. All animals were subject to a full macroscopical evaluation.
Tissue processing
Tissue processing for histopathology of the thyroid was initiated immediately after euthanasia. The entire thyroid gland was isolated on the trachea. The two lobes of the gland were separated by cutting longitudinally between the lobes. The right thyroid lobe was snap frozen and the left lobe fixed in 4% (vol/ vol) paraformaldehyde. The pancreas was removed and frozen from animals in group 1 (GLP-1R KO) to serve as negative control for GLP-1R in the in situ ligand binding (ISLB) analysis.
The right thyroid and the pancreas were placed in O.C.T. compound (Tissue Tek; Sakura Finetek USA, Inc., Torrance, CA) in Cryomold molds (Sakura Finetek USA), small size (7 ϫ 7 ϫ 5 mm) (Tissue Tek), and frozen individually in isopentane cooled to approximately Ϫ80 C. Blocks with frozen right thyroid lobes from all mice were trimmed to expose thyroid tissue, and serial sections were made of nominally 10 m thickness, starting at a point 600 -700 m caudal to the cranial pole of the gland. Where possible, a total of seven slides from each animal, each mounted with four frozen tissue sections, were used for the ISLB analysis.
The left thyroid lobe was fixed in paraformaldehyde for 20 -36 h, processed, and paraffin embedded. Twelve tissue slides were prepared from each animal, with each slide containing four sections of a nominal thickness of 5 m, starting at a point 600 -700 m caudal to the cranial pole of the gland. Two of these slides were stained by standard techniques with hematoxylin and eosin and immunohistochemistry (IHC) for calcitonin (7) and used for the histopathological diagnosis. The remaining slides were available for the pRET, pS6, and pMAPK kinase (pMEK) analyses.
Histopathological analysis
The sampling procedures secured that histopathological analysis was focused on the C-cell-rich region of the thyroid (7). Histopathological analysis was carried out by a board-certified veterinary pathologist, confirmed by blinded analysis, and peer reviewed. We followed diagnostic criteria from international guidelines within preclinical histopathology (17) (18) (19) .
pRET, pS6, and pMEK IHC IHC for phosphorylated proteins was performed on highdose liraglutide animals and vehicle controls only. From each group, 11-12 mice with documented thyroid C-cell hyperplasia in the same thyroid lobe were examined for pRET, pS6, and pMEK. These parameters were assessed in both hyperplastic and normal C cells from thyroid tissue slices containing hyperplastic C cells.
As primary antibodies, we used anti-pRET Y1062 (catalog item sc-20252-R; Santa Cruz Biotechnology Inc., Santa Cruz, CA), anti-pS6 (S235/S236, catalog item 2211; Cell Signaling Technology Inc., Danvers, MA), and anti-pMEK (S217/S221, catalog item 9121; Cell Signaling Technology). As positive controls, we used TPC1 cells (gift from Dr. Sissy Jiang) (20) and MTC-M cells (American Type Culture Collection, Manassas, VA; CRL-1806) and Tg-RET/PTC transgenic mice, which express the oncoprotein selectively in thyroid cells (obtained from Dr. Jay Rothstein) (21) . As negative controls, cells were treated with the RET kinase inhibitor AST487 (Novartis Pharma AG, Basel, Switzerland) using Western blots as standard (data not shown) (22) . Additional negative controls included nonimmune IgG and incubation with secondary antibody alone. Briefly, TPC1 cells, which harbor an endogenous activated mutant of RET, were incubated for 24 h with vehicle or 500 nM AST487. MTC-M cells, which are derived from C cells and express wildtype RET, were incubated for 20 min with the RET ligand glial cell line-derived neurotrophic factor (GDNF; 0.2 g/ml) and GDNF family receptor ␣-1 (GFR␣1; 1.0 g/ml), after a 30-min pretreatment with vehicle or 500 nM AST487. Cells were collected and aliquoted to prepare protein lysates for Western blotting or pelleted, fixed in paraformaldehyde, and embedded in paraffin for IHC analysis.
To quantify calcitonin-and pS6-positive cells, Metamorph software (Molecular Devices Inc., Sunnyvale, CA) was used. Total area covered by positive cells and negative cells was calculated. Total number of positive and negative cells was calculated dividing the total area of positive and negative staining for the respective antibody by the average area of the cells.
In situ ligand binding
We carried out ISLB on tissue sections as previously reported (7, 23) . ISLB was performed on mid-and high-dose liraglutide animals and vehicle controls only. Before the ISLB assay, we demonstrated the presence of C cells by calcitonin staining (IHC) of adjacent sections. Thyroids containing C cells were incubated with radioactive [
125 I]GLP-1 alone or with radioactive GLP-1 plus a 330-fold excess of nonradioactive GLP-1. After preincubation (15 min) and incubation (2 h), slides were washed with buffer, fixed with 2% glutaraldehyde, washed with water, incubated with 99% ethanol, and washed with water again. The slides were then costained for calcitonin by IHC.
For autoradiography, the slides were dipped in fluid LM-1 emulsion (GE Healthcare Europe GmbH, Brøndby, Denmark), dried overnight, stored with desiccant, and exposed for 7 d in the cold. The slides were brought to room temperature, developed in D19 (2 min), stopped with 1% acetic acid plus 1% glycerol (1 min), and fixed with 30% Na-thiosulfate (2 min) before the final water wash. The slides were counterstained in Mayer's hematoxylin, dehydrated, and mounted.
As positive controls for the calcitonin staining of the thyroid and for the ISLB, we used a set of slides with one cryostat section each of a rat thyroid and a mouse pancreas. Pancreas tissue sections were analyzed by a procedure identical to the ISLB/calcitonin staining procedure except that purified rabbit antihuman insulin antibody (AP08860PU-N; Acris Antibodies Inc., San Diego, CA) was used as primary antibody.
For each assay day, an 125 I standard [ARI 0133A (PL), low activity; American Radiolabeled Chemicals Inc., St. Louis, MO] was used for quantification. The standard was used to derive the disintegrations per minute (dpm) per square micrometer used as an indirect measure of GLP-1R density.
For quantification, slides were loaded into a slide scanner (Hamamatsu NanoZoomer 2.0HT; Hamamatsu Photonics KK, Hamamatsu City, Japan), and three areas within the thyroid sections were framed for scanning using a ϫ40 objective. Images were subsequently imported into the image analysis program (Visiopharm Integrator System; Visiopharm A/S, Hørsholm, Denmark). Pictures of C-cell and non-C-cell areas were then acquired and analyzed. Areas with C cells, non-C cells, and background were identified and masked. Subsequently, silver grains in these masked areas were counted and the masked areas measured.
Statistical analyses
Data on calcitonin were log transformed before analysis and analyzed using a three-way ANOVA approach, with the three factors strain of mouse, treatment, and sex. Variance heterogeneity was included in the model. Each sex was analyzed separately, using contrasts and estimated differences. Calcitonin levels below the limit of quantification were treated as equal to 7.5 pg/ml, which was half the limit of quantification.
For data on thyroid C-cell histopathology, the proportion of animals with C-cell hyperplasia was analyzed using two-tailed Fisher's exact test for each treated group vs. the relevant control.
Data on pS6-positive C cells were compared between liraglutide (3 mg/kg ⅐ d) and vehicle-dosed controls using a Student's t test.
Data on GLP-1R density from the ISLB analysis were analyzed using a two-way ANOVA testing the effect of presence or absence of C-cell hyperplasia and an analysis testing the effect of liraglutide (vehicle or 0.3 or 3 mg/kg ⅐ d), sex, and interaction between liraglutide and sex.
For all statistical analyses, P Ͻ 0.05 was used as significance level.
Results
GLP-1R agonist-induced calcitonin increases are GLP-1R dependent
Plasma calcitonin levels in wild-type mice dosed with liraglutide at 0.03, 0.3, or 3.0 mg/kg ⅐ d were significantly higher than in vehicle controls (P Ͻ 0.01, P Ͻ 0.001, and P Ͻ 0.001 for the three doses, respectively) in both males and females (Fig.  1, A and B) . In contrast, there was no statistically significant difference in plasma calcitonin between GLP-1R KO mice dosed with liraglutide at 3.0 mg/kg ⅐ d and vehicle controls. For exenatide, plasma calcitonin in wild-type mice dosed at 3.0 mg/kg ⅐ d was also significantly higher than in vehicle controls for both sexes (P Ͻ 0.001), whereas no consistent effect was observed in GLP-KO mice. Comparing the calcitonin response between strains statistically, the calcitonin increase in animals dosed with liraglutide or exenatide (3.0 mg/kg ⅐ d vs. vehicle) was significantly higher in wild-type mice compared with GLP-1R KO mice (P Ͻ 0.001 for both sexes and both compounds).
Liraglutide-and exenatide-induced C-cell hyperplasia in mice is GLP-1R dependent
When compared with vehicle controls, there was an increased incidence of C-cell hyperplasia in the thyroid gland of both sexes receiving 0.3 or 3.0 mg/kg ⅐ d liraglutide by bolus injection (Table 2 ). This increase was statistically significant in females receiving 3.0 mg/kg ⅐ d lira- In contrast to the findings in wild-type mice, no changes were seen in the thyroid glands of GLP-1R KO mice. In particular, no evidence of C-cell hyperplasia was observed (Fig. 2B) .
GLP-1R density in C cells in relation to liraglutide treatment
GLP-1 binding was found preferentially on C cells when ISLB was carried out on calcitonin-immunostained slides (Fig. 3, A and B) . GLP-1R density was expressed as radioactivity per C-cell area (calcitonin stained) and was statistically significantly higher in mice dosed with liraglutide compared with vehicle controls (1.83 and 1.89 vs. 1.42 dpm/m 2 C-cell area, for 0.3 and 3 mg/kg ⅐ d vs. vehicle; P Ͻ 0.01) (Fig. 3C) . The specificity of the ILSB method for the presence of the GLP-1R was confirmed as specific binding was close to zero in slides from GLP-1R KO mouse thyroid (Ϫ0.02 Ϯ 0.04 dpm/m 2 ; n ϭ 18) and pancreas (0.01 Ϯ 0.03 dpm/m 2 ; n ϭ 29). In the frozen tissue sections available for the ISLB analysis, C-cell hyperplasia could be detected in slides from 10 mice. Within these sections, GLP-1R density in areas with C-cell hyperplasia was compared with areas without C-cell hyperplasia. There was no statistically significant difference in GLP-1R density between these areas.
Liraglutide-induced C-cell hyperplasia in mice is not associated with RET activation
IHC to detect pRET in tissue sections has not previously been described and was developed and validated as part of this study (Fig. 4) . Titration of the RET pY1062 antibody on TPC1 cell pellets showed good resolution for IHC, with optimal concentration of 0.01-0.05 g/ml (Fig. 4A) , showing clear membrane staining, which was abolished in cells treated with the RET kinase inhibitor AST487. For additional validation, we performed IHC of MTC-M mouse medullary thyroid cancer cells, which express wildtype RET. Upon treatment with the RET ligand GDNF in the presence of the accessory protein GDNF family receptor ␣-1, there was an increase in RET phosphorylation as detected by IHC, which was inhibited by AST487 (Fig.  4B) . As with the TPC1 cells, the optimal antibody concentration for detection of pRET (Y1062) was 0.01-0.05 g/ml. Finally, we incubated thyroid sections from RET/ PTC3 transgenic mice, which develop papillary thyroid cancers driven by the RET oncoprotein. IHC with pRET (Y1062) showed clear membrane staining at concentrations from 0.01-0.05 g/ml, with 0.05 g/ml also showing nonmembranous staining in normal thyroid follicular cells (Fig. 4C) , which do not express RET. We next ex- amined effects of the RET kinase inhibitor on MEK and S6 phosphorylation in TPC1 cells. AST487 inhibited phosphorylation of these effectors as determined by Western blotting (not shown), and the IHC stains in the cell pellets showed good resolution of these changes (Fig. 4D) .
Based on these validation experiments, we then examined thyroid tissues from mice dosed with liraglutide (3 mg/kg ⅐ d) and compared the results to vehicle controls. IHC for pRET and for pMEK and pS6K was performed on tissue sections immediately contiguous to regions of C-cell hyperplasia or of normal C cells. We found no RET membrane staining in C cells in either liraglutide-or vehicletreated mice with an antibody concentration of 0.01 g/ml (Fig. 5A and Table 3 ). At a concentration of 0.05 g/ml, the background staining was high. Even in these more sensitive, yet less specific, conditions, there was still no evidence of membrane staining in the C-cell-rich regions, as opposed to our findings in the controls.
There was an increase in pS6 staining in C cells of liraglutide-treated mice (Fig. 5B and Table 3 ). This effect was quantified by counting the number of pS6/calcitonin double-positive cells. As shown in Fig. 5C , there was an increase in the ratio of pS6/CT-positive cells in the liraglutide-treated mice compared with controls (P Ͻ 0.05). By contrast, there was no increase in pMEK staining in the liraglutide-treated animals ( Fig. 5D and Table 3 ).
Discussion
The present study documents that GLP-1R agonists cause C-cell hyperplasia and calcitonin release in mice via a GLP-1R-dependent mechanism. The daily administration of liraglutide once daily or exenatide (pump infusion) for 13 wk at doses up to 3.0 mg/kg ⅐ d caused C-cell hyperplasia in wild-type mice but not in GLP-1R KO mice.
For the histopathological assessment of thyroid C-cell changes, the diagnostic criteria used in this study were based on guidelines designed for evaluation of 2-yr rodent carcinogenicity studies (17, 18) . In view of the shorter duration of treatment in this study, C-cell adenomas and carcinomas were not expected to occur, and indeed such changes were not observed. Focal C-cell hyperplasia, defined as formation of aggregates of C cells, was also not observed; instead, the observed C-cell hyperplasia was diffuse in nature. Diffuse C-cell hyperplasia was characterized as an exaggeration of the normal pattern compatible with a response to continued physiological stimulation.
In wild-type mice, the administration of liraglutide and exenatide for 13 wk was previously shown to induce C-cell hyperplasia in approximately 40% of the animals when investigating both thyroid lobes (7) . In the present study, the histopathological diagnosis of C-cell hyperplasia was based on investigating only one lobe, which reduced the likelihood of recording changes. This procedure was necessary to secure availability of the opposite lobe for ISLB analysis. Considering this unilateral examination, the observed incidence of C-cell hyperplasia of 14 -25% in the high-dose liraglutide and exenatide groups was consistent with previous data (7). For both liraglutide and exenatide, this incidence in wild-type mice was statistically significantly higher compared with respective controls. In GLP-1R KO mice, no evidence of C-cell hyperplasia was observed.
GLP-1R dependency was also demonstrated for the observed increase in plasma calcitonin. For both liraglutide and exenatide, a calcitonin increase was seen only in wild-type mice but not in KO animals. The plasma calcitonin levels were higher in females than in males and higher in the KO animals than in the wildtype animals. Although the biological explanation for the sex differences is not known, these observations are data indicated an increased GLP-1R density in areas with C cells in mice dosed with liraglutide compared with vehicle controls. Although statistically significant, this difference was of limited magnitude (ϳ30%) and did not show dose response, and the biological significance of the increase is not known.
In the frozen thyroids with hyperplasia, ISLB analysis was performed on areas with normal C-cell density and compared with adjacent areas with C-cell hyperplasia in the same tissue sections. The analysis did not show any significant difference in C-cell GLP-1R density. However, the morphology of frozen sections was suboptimal for identifying these subtle changes, and because only 10 tissue samples with C-cell hyperplasia were suitable for the binding studies, we are reluctant to draw definitive con- clusions based on this analysis. After agonist stimulation of GPCR, such as GLP-1R, both down-regulation and up-regulation has been described (26, 27) . Although a recent study indicates potential higher C-cell GLP-1R density in rodents with hyperplastic vs. normal C cells (9) , the reported magnitude of differences was limited, and a direct comparison in the same strain of animals was not made. The objective of the thyroid RET IHC analysis was to determine whether GLP-1R agonist-induced C-cell hyperplasia in mice was associated with RET signaling. Expression of mutant RET in C cells of transgenic mice results in C-cell hyperplasia and neoplasms, indicating that RET activation can have transforming effects in rodents (28, 29) . Ligand binding of GPCR can result in transactivation of receptor tyrosine kinases (30) . Upon RET activation, phosphorylation can occur at different sites in the RET protein. Tyrosine phosphorylation at Y1062 is particularly critical for engaging key downstream signaling pathways, including MAPK, and for the growth-promoting effects of the receptor. Hence, in the present study, IHC was used to detect pRET (Y1062). There was no evidence of pRET staining in C cells, including C cells in areas of hyperplasia, indicating that liraglutide binding to the GLP-1R on C cells leading to C-cell hyperplasia in wildtype mice did not involve activation of RET. Although this analysis was confined to high-dose liraglutide animals only, the result is considered representative for GLP-1R agonist-induced C-cell findings in mice given the consistency of the GLP-1R agonist effects on C cells observed in this and in other studies (7) . pS6 results from upstream activation of mTOR, which controls cell growth in eukaryotes in response to nutrient availability and plays a role in regulating proliferation by growth factors, energy status, and stress conditions (31) . Consistent with this, and the observed C-cell activation and hyperplasia, the C cells from liraglutide-treated mice had increased staining for pS6. Because mTOR integrates several different signaling pathways (16) , this finding does not point to the precise upstream pathway responsible for increased C-cell proliferation. In pancreatic ␤-cells, GLP-1 activates mTOR by stimulating adenylyl cyclase to produce cAMP. GLP-1-induced mTOR, in turn, induces accumulation of the transcription factor hypoxia-inducible factor, which may promote islet cell viability through protection against oxidative stress (32) . In contrast to the findings with pS6 IHC, we saw no increase in pMEK staining in the C-cell hyperplastic regions of liraglutide-treated mice. pMEK is a marker of the MAPK pathway, and the absence of pMEK activation is consistent with effects mediated via GLP-1R-cAMP-protein kinase A signaling, as opposed to activation of the MAPK pathway.
Long-term GLP-1R activation is associated with increased levels of calcitonin and tumor formation in rats and mice (7) . We explored possible mechanisms behind these rodent findings and found a clear GLP-1R dependency of the C-cell stimulatory effects, that is, increased calcitonin and C-cell hyperplasia. In contrast, we found no evidence for activation of the RET protooncogene often involved in human MTC initiation. Our observations imply that the GLP-1R agonist-induced C-cell effects seen in rodents are associated with mTOR activation but that this is not linked to the RET pathway.
